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Light Emitting Diodes -Technology Overview
As a nation, the United States spends about one-quarter of our electricity budget on lighting, or more than $37 billion annually. Yet much of this expense is unnecessary. Technologies developed during the past few decades can help us cut lighting costs by 30% to 60%, while enhancing lighting quality and reducing environmental impacts (http://www.netl.doe.gov/SSL/faqs.htm). White light LEDs are one of these technologies.
The LED Advantage
LED lighting starts with a tiny (about 1 mm 2 ) chip of semi-conducting material, mounted on heat-conducting material and enclosed in a lens or encapsulant (Figure 1 ). The resulting device is mounted separately or in arrays of LEDs on a circuit board, which is then installed in a fixture, ideally one designed to effectively manage heat generated by the LEDs.
LEDs are solid-state devices that convert electrical energy directly into radiant energy ( Figure 2 ). While incandescents convert 8% of the power they consume into visible light and fluorescents convert 21% into visible light, LEDs now convert 15% to 25% into visible light. While incandescent and fluorescent are relatively mature technologies, LED is an emerging technology that has the potential to achieve higher efficiencies. The U.S. Department of Energy (DOE) is calling for extraction efficiencies of 50% by 2012.
In task lighting applications, LEDs represent a great energy saving opportunity. LEDs emit light in a less diffuse, more directional, pattern than other light sources. In contrast, standard incandescent bulbs and fluorescent lamps emit light in all directions and much of the light output is absorbed inside the fixture, for example, fixture losses in recessed cans and track lighting fixtures can be as high as 50%.
Because LEDs are solid state devices they are safer too. Incandescent, fluorescent, and highintensity discharge (HID) lamps are all based on glass enclosures containing a filament or electrodes, with fill gases and coatings of various types and breakage during transportation, installation, or operation is common. With LEDs, this problem is virtually eliminated.
A Brief History
The first LED was developed at General Electric (GE) in 1962; it was a red LED producing .001 lumens. During the 1960s through 1980s, first red then green LEDs were developed and light output grew from 0.01 to 0.1 lumens. In the 1990s Nichia created the first blue LED; it emitted 1 lumen and led the way to the development of white light from LEDs (achieved either by mixing the light from red, green, and blue LEDs, known as RGB systems, or by coating a blue LED with phosphor to emit white light, known as phosphor-converted or PC LEDs) (Figure 3 ). In 2008, white LED devices capable of emitting close to 100 lumens from a nominal 1-watt device have become commercially available. Figure 1 . The typical LED emitter device houses the die (a chip composed of crystalline layers of semiconductor material), optics (a lens), encapsulant, and heat sink slug (used to draw heat away from the die). The device is soldered to a metal-core printed circuit board (MCPCB) (not shown in this drawing). The MCPCB is a special form of circuit board with a dielectric layer (non-conductor of current) bonded to a metal substrate (usually aluminum). The MCPCB is then mechanically attached to an external heat sink which can be a dedicated device integrated into the design of the luminaire or, in some cases, the chassis of the luminaire itself. The size of the heat sink is dependent upon the amount of heat to be dissipated and the material's thermal properties. The heat must be dissipated because continuous operation at elevated temperature dramatically accelerates lumen depreciation resulting in shortened useful life.
Side view of p-n junction Figure 2 . The LED is a p-n type device. In a p-n junction, the p side contains excess positive charge ("holes," indicating the absence of electrons) while the n side contains excess negative charge (electrons).
p-n Junction in LED Figure 3 . LEDs emit energy in narrow wavelength bands of the electromagnetic spectrum. The composition of the materials in the semiconductor chip determines the wavelength and therefore the color of the light. A chip of aluminum gallium indium phosphide (AlGaInP) produces light in the red to amber range, while indium gallium nitride (InGaN) LEDs produce blue and green light. With the use of suitable phosphors, the blue InGaN LEDs can generate white light. White light can also be produced by combining light from LEDs that are red, green, and blue (the primary colors of light).
Getting Better All the Time
LEDs have made phenomenal improvements in both light output and cost decreases during the past 5 years, with the output per watt improving at a compound rate of about 35% per year while the cost per lumen has decreased 20% per year (Dowling 2005 2007). In fact, the technology is changing so fast that DOE has revised its projections three times in the past three years and as of March 2008 predicts that commercially available cool white LED devices will reach an efficacy of 188 and commercial warm white LED devices will achieve an efficacy of 162 lm/W by 2015 (http://www.netl.doe.gov/SSL/faqs.htm).
At the same time, retail prices for LED devices have dropped dramatically, from more than $200 per thousand lumens (/klm) in 2001 to $30/klm in 2007 and they are predicted to drop to $3/klm by 2015, which will make solid state lighting less expensive than compact fluorescents on a first-cost basis (DOE 2008a) . For reference, 1,000 lumens is approximately the amount of light produced by a 60-watt incandescent light bulb.
While industry has pushed much of this development to expand the commercial potential of LEDs beyond indicator lights and consumer electronics in the general illumination market, the U.S. Department of Energy (DOE), through its Solid State Lighting (SSL) Research and Development (R&D) program, is focused on increasing the energy efficiency of LED lighting, an emphasis that might otherwise be lost on the path to commercialization. Congress has given DOE the responsibility to ensure that SSL reaches its full energy saving potential, with the goals of significantly reducing building energy use and costs, and contributing to our nation's energy security. Congress has appropriated $60.75 million for SSL between 2003 and 2007 and proposes $350 million more between 2007 and 2013. DOE directs these research dollars to the national laboratories, industry, and universities and it has yielded 71 patent submissions since 2000. In the next few decades, general illumination technology will undergo a remarkable transformation through improvements in solid-state lighting. No other single lighting technology offers as much potential to conserve electricity and enhance the quality of our building environments.
Major research challenges must still be addressed before the full promise of solid-state lighting is realized. Color quality continues to improve; many white LEDs available today have high color temperature, meaning they look very cool/blue, and there is significant drop-off in efficacy with warm white LEDs. Thermal management is critical to LED system operations. While LEDs don't emit infrared radiation from the front (i.e., the "bulb" is cool to the touch), they do produce heat that has to be removed from the diode to avoid a decrease in light output and shortened life.
In partnership with industry leaders, research organizations, academic institutions, and national laboratories, DOE is working to accelerate technology developments that deliver substantial energy savings for all lighting users, and position U.S. companies for technology leadership in global markets (http://www.netl.doe.gov/SSL/).
What Are LEDs and How Do They Work?
LED lighting starts with a tiny chip (typically 1 mm 2 ) comprising layers of semiconducting material. LED packages may contain just one chip or multiple chips, mounted on heat conducting material and usually enclosed in a lens or encapsulant. The resulting device, typically around 7 to 9 mm on a side, can produce 30 to 150 lumens each and can be used separately or in arrays. The LED devices are mounted on a circuit board and attached to a lighting fixture, architectural structure, or even a "light bulb" package.
Light is generated inside the chip, a solid crystal material, when current flows across the junction of two carefully engineered, different materials known as a p-n junction.
As with other light source technologies, such as fluorescent and high intensity discharge (HID), lighting systems using LEDs can be thought of as having a light source (typically, the individual LED sources), a ballast or control gear (for LEDs, often called a driver), and a luminaire (the surrounding materials for optical control of the emitted light, thermal control of the overall system, and connection to power). Unlike luminares for traditional lamps, which typically contain four or fewer lamps (bulbs), LED luminares can contain arrays of many (even dozens of) individual LEDs ( Figure 4 ).
LEDs don't typically burn up or burn out as much as burn down. Over time they get dimmer and dimmer and their light output diminishes faster in hightemperature environments. Fortunately designers are continuing to make improvements in LED light output and lifetimes. ENERGY STAR® guidelines that will become effective September 30, 2008, require that LEDs maintain 70% lumen output over 25,000 to 35,000 hours of operation. 
Are LEDs Ready for General Lighting?
The number of white light LED products available on the market continues to grow, including portable desk/task lights, under-cabinet lights, recessed downlights, retail display lights, and outdoor fixtures for street, parking lot, path, and other area lighting. Some of these products perform very well, but the quality and energy efficiency of LED products still varies widely, for several reasons: 1) LED technology continues to change and evolve very quickly. New generations of LED devices become available approximately every 4 to 6 months. 2) Lighting fixture manufacturers face a learning curve in applying LEDs. Because they are sensitive to thermal and electrical conditions, LEDs must be carefully integrated into lighting fixtures. Few lighting fixture manufacturers are equipped to do this well today. 3) Important differences in LED technology compared to other light sources have created a gap in the industry standards and test procedures that underpin all product comparisons and ratings. ENERGY STAR criteria were approved in 2007 and will take effect September 30, 2008. Commercially available products are being independently tested through a testing program called CALiPER (Commercially Available LED Product Evaluation and Reporting) run by DOE. You can find out what products have been tested and results of testing through the CALiPER website, http://www.netl.doe.gov/ssl/comm_testing.htm
Are LEDs Energy Efficient?
The best white LED products can meet or exceed the efficiency of compact fluorescent lamps (CFLs). However, many white LEDs currently available in consumer products are only marginally more efficient than incandescent lamps. The best warm white LEDs available today can produce about 45-50 lumens per watt (lm/W). In comparison, incandescent lamps typically produce 12-15 lm/W; CFLs produce at least 50 lm/W. Performance of white LEDs continues to improve rapidly. However, LED device efficacy doesn't tell the whole story. Poorly designed luminaires using even the best LEDs may be no more efficient than incandescent lighting. Good LED system and luminaire design is imperative to energy-efficient LED lighting fixtures. For example, there is a commercially available LED recessed downlight that combines multicolored high efficiency LEDs, excellent thermal management, and sophisticated optical design to produce more than 700 lumens using only 12 watts, for a luminaire efficacy of 60 lm/W, which exceeds even the most efficient CFL downlights available today.
How Long Do LEDs Last?
Unlike other light sources, LEDs usually don't "burn out;" instead, they get progressively dimmer over time. LED useful life is normally defined as the number of operating hours until the LED is emitting 70% of its initial light output. Good quality white LEDs in well-designed fixtures are expected to have a useful life of 30,000 to 50,000 hours. A typical incandescent lamp lasts about 1,000 hours; a comparable CFL lasts 8,000 to 10,000 hours, and the best linear fluorescent lamps can last more than 30,000 hours (see Table 1 ). LED light output and useful life are strongly affected by temperature. LEDs must be "heat sinked," placed in direct contact with materials that can conduct heat away from the LED. Off-the-shelf LED fixtures should have heat sinking materials incorporated into the fixture; if you are building your own fixture, you'll need to take this into the account. On the plus side, LEDs perform very well in cold weather environments with instant startup (unlike fluorescent sources, which do not perform as well in cold temperatures). 
Do LEDs Provide High-Quality Lighting?
Unlike incandescent and fluorescent lamps, LEDs are not inherently white light sources. Instead, LEDs emit light in a very narrow range of wavelengths in the visible spectrum, resulting in nearly monochromatic light. This is why LEDs are so efficient for colored light applications such as traffic lights and exit signs. However, to be used as a general light source, white light is needed. White light can be achieved with LEDs in two main ways: 1) phosphor conversion, in which a blue or near-ultraviolet (UV) chip is coated with phosphor(s) to emit white light; and 2) RGB systems, in which light from multiple monochromatic LEDs (red, green, and blue) is mixed, resulting in white light. Most currently available white LED products are based on the blue LED + phosphor approach. Phosphor-converted chips are produced in large volumes and in various packages (light engines, arrays, etc.) that are integrated into lighting fixtures. RGB systems are more often custom designed for use in architectural settings.
The color quality of light is described in two ways: CCT (correlated color temperature) and CRI (color rendering index).
Until recently, almost all white phosphor-converted LEDs had very high correlated color temperatures (CCTs), often above 5000 Kelvin. High CCT light sources appear "cool" or bluish-white. Neutral and warm white LEDs are now available and are becoming more efficient. They are still less efficient than cool white LEDs, but have improved significantly, to levels almost on par with CFLs. For most interior lighting applications, warm white (2700K to 3000K), and in some cases neutral white (3500K to 4000K) light is appropriate. (For a more indepth explanation of CCT see the glossary in this report.)
The color rendering index (CRI) measures the ability of light sources to render colors, compared to incandescent and daylight reference sources. In general, a minimum CRI of 80 is recommended for interior lighting. The CRI has been found to be inaccurate for RGB (red, green, blue) LED systems. A new metric is under development, but in the meantime, color rendering of LED products should be evaluated in person and in the intended application if possible. The leading high-efficiency LED manufacturers now claim CRI of 80 for phosphor-converted, warm-white devices. (For a more indepth explanation of CRI see the glossary in this report.)
See Table 2 for a color quality comparison of LED and traditional light sources. Are LEDs Cost-Effective?
Costs of LED lighting products vary widely. Good quality LED products currently carry a significant cost premium compared to standard lighting technologies. However, costs are declining rapidly. In 2001, the cost of white light LED devices was more than $200 per thousand lumens (kilo-lumens). In 2007, average prices have dropped to around $30/klm. It is important to compare total lamp replacement, electricity, and maintenance costs over the expected life of the LED product.
How Efficient Are They?
Energy efficiency of light sources is typically measured in lumens per watt (lm/W), meaning the amount of light produced for each watt of electricity consumed. This is known as luminous efficacy. DOE's long-term research and development goal calls for white-light LEDs producing 161 lm/W for cool white and 139 lm/W for warm white light in cost-effective, market-ready luminaires by 2015. The LEDIndustry announces improvements in efficacy regularly.
Standard incandescent A-lamps provide about 15 lumens per watt (lm/W), with CCT of around 2700 K and CRI close to 100. ENERGY STAR-qualified compact fluorescent lamps (CFLs) produce at least 50-70 lm/W at 2700-3000 K with a CRI of at least 80. Efficacies of currently available LED devices from the leading manufacturers range from about 30 to 50 lumens/watt for warm white (2600-3500 K) to 70-90 lm/w for cool white (5000K CCT) (not including driver or thermal losses).
Fluorescent and high-intensity discharge (HID) light sources cannot function without a ballast, which provides a starting voltage and regulates electrical current to the lamp. LEDs also require supplementary electronics, usually called drivers. The driver converts line power to the appropriate voltage (typically between 2 and 4 volts DC for high-brightness LEDs) and current (generally 200-1000 milliamps or mA), and may also include dimming and/or color correction controls. Currently available LED drivers are typically about 85% efficient. So LED efficacy should be discounted by 15% to account for the driver. For a rough comparison, the range of luminous efficacies for traditional and LED sources, including ballast and driver losses as applicable, are shown in Table 3 . 
lumens/(.35 amps × 3.42 volts) = 38 lm/W
To include typical driver losses, multiply this figure by 85%, resulting in 32 lm/W. Because LED light output is sensitive to temperature, some manufacturers recommend de-rating luminous flux by 10% to account for thermal effects. In this example, accounting for this thermal factor would result in a system efficacy of approximately 29 lm/W. However, actual thermal performance depends on heat sink and fixture design, so this is only a very rough approximation. An accurate measurement can really only be accomplished by measuring the actual luminaire in operation.
Designing with LEDs
LEDs' energy efficiency, small size, directionality, durability, long life, color options, and packaging options make them a great choice for Solar Decathlon homes. Their low energy consumption makes LEDs well suited for solar energy power and there are many commercially available LED products designed for this purpose. A wide variety of LED colors, arrays, components and products are available giving you the freedom to choose from many off-the-shelf options or to customize your own installations to fit the needs of your space.
LEDS are no ordinary light bulb. The unique attributes of the light source offer a host of benefits when it comes to designing with LED lighting:
• Directional light emission -directing light where it is needed.
• Size advantage -can be very compact and low-profile.
• Breakage resistance -no breakable glass or filaments.
• Cold temperature operation -performance improves in the cold, good for outdoor and holiday lights • Instant on -require no "warm up" time.
• Rapid cycling capability -lifetime not affected by frequent switching.
• Dimming and color controls -compatible with electronic controls to change light levels and color characteristics (although not all are compatible with dimmers designed for incandescents).
• Design versatility -small size and ability to be arranged in various arrays enables many options for lighting configurations and light output.
• No IR or UV emissions -LEDs intended for lighting do not emit infrared or ultraviolet radiation.
• Potentially significant energy-cost savings compared to incandescent
• Potentially long life of up to 50,000 hours
• Save maintenance and costs of replacing burned out bulbs Here are some of the general illumination applications that can benefit the most from LED's unique attributes:
• undercabinet lighting • architectural and garden lighting
• in fountain lighting
• night lights.
LED Lighting Showcase 1
Below are a number of examples of LED lighting products. These photos are provided to give you some ideas of the state of current technology and how existing products can be used. The products in Table 4 are winners of the 2007 Lighting for Tomorrow energy-efficient design contest sponsored by DOE, the Consortium for Energy Efficiency (CEE), and the American Lighting Association (ALA) (http://www.lightingfortomorrow.com). They have been tested by independent testing laboratories to verify wattage, light output, color characteristics, and other attributes. Please note that technology continues to change very rapidly, with new products introduced to the market regularly. Check with vendors for the latest product information. Winner -"PLS Desk Lamp" Finelite, Inc. Union City, CA, Finelite.com This versatile PLS Desk Lamp available with interchangeable mountings allows users to quickly tailor illumination patterns and levels to specific tasks by simply adjusting the fixture's head with ever-so-slight hand movement. This product was tested through DOE's CALiPER program (test product 07-33). Photometric results are as follows: Wattage: 10 watts, Light output: 430 lumens, Luminaire efficacy: 43 lm/W, CCT: 3631 K, CRI 71.
Winner -"Strata Outdoor" Progress Lighting Greenville, SC, ProgressLighting.com The Strata fixtures take advantage of the small size and directionality of LED sources. Featuring a low-profile, modern housing design, the Strata fixtures direct light downwards for glare-free, dark-sky friendly illumination. This product was tested through DOE's CALiPER program (test product 07-34). Photometric results are as follows: Wattage: 5 watts, Light output: 125 lumens, Luminaire efficacy: 25 lm/W, CCT: 3270 K, CRI 70. Table 5 shows commercially available products that have been tested through DOE's CALiPER program. Some of the CALiPER-tested products were also winners in the Lighting for Tomorrow contest, these are noted above. Table 6 shows additional examples of LED residential lighting application. These examples are included to showcase the possibilities of LEDs. Products shown in this section have not been tested by DOE, and inclusion here does not imply endorsement by DOE. New products come on the market frequently and it is likely that there are several manufacturers producing products in each of these applications. 
Examples of Some LED Home Lighting Products and Services
Again, this is not an exhaustive list and inclusion does not imply endorsement but it is an example of some of the companies offering products as of mid 2008.
Glossary
Aluminum Indium Galium Phosphide (AlInGaP) -Semiconductor material used to make LEDs. LEDs made with mixtures of these elements produce red and amber light.
Aluminum Indium Gallium Nitride (ALInGaN) -Semiconductor materials used to make LEDs. LEDs made with mixtures of these elements produce blue, green, and white light.
Ambient lighting -Lighting throughout a general area.
Application efficiency -While there is no standard definition of application efficiency, we use the term here to denote an important design consideration: that the desired illuminance level and lighting quality for a given application should be achieved with the lowest practicable energy input. Light source directionality and intensity may result in higher application efficiency even though luminous efficacy is lower relative to other light sources.
Candela -The unit of luminous intensity emitted in a specific direction by a source, equal to one lumen per steradian. For example, a source with luminous intensity of 1 candela would provide one footcandle of illuminance on a surface one foot away.
Color Rendering Index (CRI) -CRI indicates how well a light source renders colors, on a scale of 0 to 100, compared to a reference light source with 100 being identical to the reference source. The test procedure established by the International Commission on Illumination (CIE) involves measuring the extent to which a series of eight standardized color samples differ in appearance when illuminated under a given light source, relative to the reference source. The average "shift" in those eight color samples is reported as Ra or CRI. In addition to the eight color samples used by convention, some lighting manufacturers report an "R9" score, which indicates how well the light source renders a saturated deep red color. Incandescents have a CRI close to 100, CFLs 80+, LEDs 70-90. CRI is not the best descriptor of LED color quality especially for white light from RGB LEDs. Research is being conducted to find a better color rendering scale for LEDs.
Conduction -transfer of heat through matter by communication of kinetic energy from particle to particle. An example is the use of a conductive metal such as copper to transfer heat.
Convection -heat transfer through the circulatory motion in a fluid (liquid or gas) at a nonuniform temperature. Liquid or gas surrounding a heat source provides cooling by convection, such as air flow over a car radiator.
Correlated Color Temperature (CCT) -a measure of the color appearance of a white light source. CCT describes the relative color appearance of a white light source, indicating whether it appears more yellow/gold or more blue, in terms of the range of available shades of white. CCT is given in Kelvin (SI unit of absolute temperature) and refers to the appearance of a theoretical black body heated to high temperatures. As the black body gets hotter, it turns red, orange, yellow, white, and finally blue. The CCT of a light source is the temperature (in K) at which the heated black body matches the color of the light source in question. Incandescents typically have a CCT of 2700K, CFLs have a CCT of 2700-3000K, warm white LEDs have a CCT of 2500-3500m, cool white LEDs have a CCT of 3500-5000L.
Die -A small piece of semiconductor material that is the active light emitting component in LEDs.
Diode -Usually a semiconductor device that conducts electric current in one direction only.
Efficacy -A measure of the luminous efficiency of a light source; efficacy is the quotient of the total luminous flux emitted by the total power input (usually expressed in lm/W).
Efficiency or efficacy? -The term "efficacy" normally is used where the input and output units differ. For example in lighting, we are concerned with the amount of light (in lumens) produced by a certain amount of electricity (in watts). The term "efficiency" usually is dimensionless. For example, lighting fixture efficiency is the ratio of the total lumens exiting the fixture to the total lumens produced by the light source. "Efficiency" is also used to discuss the broader concept of using resources efficiently.
Heat sink -thermally conductive material attached to the printed circuit board on which the LED is mounted. Myriad heat sink designs are possible; often a "finned" design is used to increase the surface area available for heat transfer. For general illumination applications, heat sinks are often incorporated into the functional and aesthetic design of the luminaire, effectively using the luminaire chassis as a heat management device. Source: Enlux
Illuminance -Density of the luminous flux incident at a point on a surface. It is the quotient of the luminous flux divided by the area of the surface when the surface is uniformly illuminated.
Junction temperature (Tj) -temperature within the LED device. Direct measurement of Tj is impractical but can be calculated based on a known case or board temperature and the materials' thermal resistance.
LCD -Liquid crystal display.
LED -light-emitting diode.
LED array -Clusters of LEDs assembled into a mechanical surface.
LED driver -LED drivers effectively provide the same function as ballasts in fluorescent and high-intensity discharge products. Drivers regulate power to the LED, thereby controlling the brightness or intensity of the LED. The driver system converts the supply voltage to a DC voltage and provides a DC output current to the LED. It holds the current at constant level/output over variable supply voltage ranges.
Life performance curve -a curve that presents the variation of a particular characteristic of a light source (such as luminous flux, intensity, etc.) throughout the life of the source. Also called lumen maintenance curve. Source: Rea 2000
Light Emitting Diode (LED) -A solid-state semiconductor that converts electrical energy into visible light.
Lumen -the SI unit of luminous flux. The total amount of light emitted by a light source, without regard to directionality, is given in lumens.
Lumen depreciation -the decrease in lumen output that occurs as a lamp is operated.
Lumen, lm -The SI unit of luminous flux, equal to the luminous flux emitted per unit solid angle by a standard point source having a luminous intensity of one candela.
Luminaire efficacy -the total luminous flux emitted by the luminaire divided by the total power input to the luminaire, expressed in lm/W.
Luminance -Density of luminous flux leaving a surface in a particular direction. It is the quotient of the luminous intensity of the source in direct measurement by the projected area of the source in the direction.
Luminous efficacy -the total luminous flux emitted by the light source divided by the lamp wattage; expressed in lumens per watt (lm/W).
Luminous intensity -A measure of the directional quantity of light expressed in candelas. It is defined as luminous flux per unit solid angel in a given direction.
